In the present work we study an anisotropic layered superconducting film of finite thickness. The film surfaces are considered parallel to the bc face of the crystal. The vortex lines are oriented perpendicular to the film surfaces and parallel to the superconducting planes. We calculate the local field and the London free energy for this geometry. Our calculation is a generalization of previous works where the sample is taken as a semi-infinite superconductor. As an application of this theory we investigate the flux spreading at the superconducting surface.
Scanning superconducting quantum interference device (SQUID) microscope has been used to image interlayer Josephson vortices trapped between the planes of layered superconductors. This technique has been used to measure the out-plane London penetration depth that gives the distance over which the interlayer current j c changes as a function of in-plane coordinates.
1,2 These measurements have been important to test the interlayer tunneling model as a candidate to explain the mechanism of superconductivity for the high-T c superconductors.
3,4
Recently, Kirtley, Kogan, Clem, and Moler 5 have found expressions for the local magnetic field emerging from a superconductor with the vortex lines parallel to the planes, and normal to a crystal face. Their geometry consists of a semi-infinite anisotropic superconductor.
Furthermore, they have used these expressions to fit the experimental data at the surface in order to obtain an estimate of the value of the out-plane penetration depth λ c . They have shown that, neglecting the vortex spreading at the surface may overestimate λ c as much as 30%.
In the present paper we extend the work of Ref. 5 to an anisotropic layered superconducting film of finite thickness and of infinite extent in the bc face of the crystal. We will show that, if the thickness of the film is of order or smaller than λ c , the magnetic field distribution is even more affected by flux spreading.
Let us first formulate the problem to be solved. The geometry we consider is illustrated in Fig. 1 . We suppose that the vortex line is perpendicular to the film. We will calculate the local field inside the film using the London equation. For this geometry this equation is given by
where ↔ ∇ is the London (tensor) penetration depth. This tensor is diagonal and its components are given by Λ xx = Λ yy = λ Outside the sample, the local field satisfies the equation
Although we will consider the case of a single vortex, the generalization to the case of N vortices is straightforward. To proceed is more convenient to Fourier transform Eqs. (1) and (2). For |z| < d/2, using the Maxwell equation ∇ · h = 0, we obtain a set of three coupled differential equations for the two dimensional Fourier transform of the local magnetic field
For |z| > d/2 one has
At the vacuum-superconductor interfaces z = ±d/2 the field components are continuous and the component of the current perpendicular to both film surfaces vanishes. One has
where the operator
. The subscripts (<, >) stand for below the surface z = −d/2 and above the surface z = d/2, respectively, whereas the subscript m is meant for the field inside the sample.
We start by solving first Eq. (6). The solution which satisfies the boundary condition of Eq. (10) takes the form
where ϕ(k) is a scalar function which will be determined by using the boundary condition either of Eq. (7) or (8).
Eq. (3) can also be easily solved. We have
where
and the W 's are two constants to be determined by using the boundary conditions.
The other two components of the local field can be determined by decoupling Eqs. (4) and (5). This can be done by calculating the determinant of the matrix formed by the coefficients of Eqs. (4) and Eq. (5). This yields the following equation for h m,y
The solution for this equation is given by
where the W 's are constants to be determined by using the boundary conditions and (7) or (8); both of them yields the same solution to these constants]. One obtains,
Finally, upon substituting Eqs. (19-25) into Eqs. (13), (16) and (18), we find for the local magnetic field inside the film
We would like to point out that these results could not be obtained from those of Ref. 5 without solving the problem. In fact, the solution of the London equation for a superconducting film is different and more difficult than for a semi-infinite superconductor.
Let us turn our discussion to the calculation of the London free energy. The energy of the vortex system is given by F = F V + F S , where F V is the field energy in the vacuum and F S is the energy inside the superconductor. One has
By substituting the appropriate expressions of the local magnetic field inside Eqs. (30) and (31), after a length algebra, we obtain
The free energy can be generalized to an ensemble of N interacting vortex lines upon multiplying the integrand of Eq. (32) by |S(k)| 2 where the structure factor is given by
Here Therefore, from Eq. (32) we obtain
ab is the anisotropy parameter. This is precisely the energy of a single vortex in very thin film first obtained by Pearl.
7,8
Now we will turn our attention to the streamlines of the integrated field over x. The distribution of magnetic field emerging on the surface can be probed with a SQUID pickup loop. If the SQUID probe is oriented in the xy plane, the total magnetic flux will be nearly equal to the pickup loop size times
whereas, if the SQUID probe is oriented along the xz plane, the total magnetic flux is measured through the pickup loop size times
In order to compare our results with the results of Ref. 5, we will replace the vacuumsuperconductor surfaces at z = 0 and z = −d. This can be done through the translation (12), and (27-29) we obtain, In summary, we have calculated the field distribution of a single vortex inside and outside a layered superconducting film of arbitrary thickness. We also calculated the London free energy of an ensemble of vortices. From the expression for the energy one can recover the interaction potential between vortices for a very thin film 7, 8 and the vortices emerging from a semi-infinite superconductor. 5, 6 In addition, we have shown that flux spreading inside a superconducting film of order or smaller than λ c affects substantially the full width at half maximum of the flux contour.
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